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ABSTRACT 


An  investigation  was  carried  out  to  determine  the  effect  of 
condensation  on  the  pressure  distribution  around  a  right  cylindrical 
cylinder  in  cross  flow.  A  single  cylinder  in  an  infinite  flow  and  a 
cylinder  with  nearby  walls  were  analyzed  for  comparison  with  the  test 
section  data.  It  was  found  that  condensation  does  alter  the  pressure 
distribution  with  larger  rates  of  condensation. 


A  vertical  test  section  orientation  was  used  to  facilitate 
correlation  with  general  condensors  and  to  aid  in  condensate  removal. 


The  condensation  was  found  to  behave  in  a  manner  analogous  to 
boundary  layer  suction  thus  causing  the  profile  of  pressure  coefficient 
to  move  toward  the  ideal  solution  and  the  points  of  separation  to  move 
nearer  the  wake  stagnation  point.  Vith  this  analogy  to  boundary  layer 
suction,  steam  devices  such  as  diff users  and  condensors  may  be  designed 
more  efficiently. 


Thesis  Supervisor:  Peter  Griffith 

Title:  Associate  Professor  of  Mechanical  Engineering 
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NOMENCLATURE 

A  -  area  in  ft^. 

D  -  diameter  in  in. 

g  -  local  acceleration  of  gravity  in  ft. /sec. 

g0  -  gravitational  constant  32.17  ibflfec.  2 

h  -  manometer  levels. 

I  -  principal  meter  constant.'"' 

m  -  mass  rate  of  flow  in  lbm./sec. 

Np  -  Reynold's  Number  based  on  diameter. 

F  -  pressure  in  lbf./in.  . 

Q  -  flow  rate  in  ft. -y sec. 

R  -  radius  in  in. 

S.G.  -  specific  gravity  of  fluid. 

T  -  temperature  in  °C. 

v  -  specific  volume  in  ft.3/lbm. 

V  -  velocity  in  ft. /sec. 

Gr e ek_  Letters 

3  -  diameter  ratio 

p  -  density  lbm./ft.3 

y  -  viscosity  (lbm./hr.-ft.) 

ii  -  stream  function 

0  -  angle  (°) 

Y  -  specific  weight  lbf./ft.3. 
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CHAPTER  I 
INTRODUCTION 

The  purpose  of  this  investigation  was  to  determine  whether  or 
not  any  condensation  of  a  steam  boundary  layer  would  cause  the  pressure 
distribution  through  the  layer  to  change.  If  the  large  volumetric 
change  occurring  with  the  condensation  of  steam  could  be  used  to  reduce 
the  boundary  layer  thickness,  perhaps  the  phenomenon  could  be  used  to 
produce  more  favorable  pressure  gradients  in  steam  devices,  less  drag 
on  objects  in  steam  flow,  or  reduction  in  the  size  of  steam  condensing 
devices. 

For  example,  a  common  steam  device,  the  steam  diffuser,  might  be 
designed  more  efficiently.  In  the  case  of  expanding  section  area  devices, 
the  diffuser  can  have  separation  occurring  along  its  walls  because  of 
the  adverse  pressure  gradients.  Manual  extraction  of  mass  along  the 
walls  will  reduce  the  adverse  pressure  gradient  and  retard  separation. 

One  possible  geometry  for  a  diffuser  is  a  vertical  axis  of  flow 
and  porous  condensing  walls.  Any  condensation  would  be  removed  with 
the  assistance  of  gravity  and  the  pressure  gradient  created  across  the 
diffuser  wall.  A  porous  wall  could  be  constructed  with  a  tightly 
spiralled  expanding  cone  of  small  diameter  copper  tubing. 

As  a  vehicle  for  the  demonstration  of  this  phenomenon  the  right 
cylindrical  cylinder  was  chosen.  The  literature  abounds  with  theoretical 
and  experimental  studies  of  the  flow  patterns,  pressure  distributions, 
drag  coefficients,  etc.  of  a  cylinder  in  a  uniform  streaming  flow. 
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Mathematical  solutions  for  the  velocity  distribution  around  a  cylinder 
in  a  streaming  flow  with  and  without  circulation  or  solutions  to  the 
Navier-Stokes  equations  for  small  Reynold's  Number  flows  are  found  in 
texts  by  LambW,  Milne-Thompson'*),  and  Schlichting'^) , 

The  exact  solution  to  the  steady  state  boundary  layer  equations 
for  the  flow  past  a  cylinder  as  solved  by  Blasius  is  contained  in 
Schlichting.  Drag  and  viscous  data  from  various  experiments  are  found 
in  Schlichting,  Rohsenow  end  Choi(^)  and  Robertson^).  Some  of  the 
experimental  pressure  coefficient  data  as  presented  in  Robertson  is 
found  in  Figure  I.  A  more  detailed  analysis  of  the  use  of  images  to 
produce  walls  in  a  streaming  flow  around  a  cylinder  is  outlined  in 
Robertson. 

The  simple  solution  for  the  velocity  d' stribution  around  a  cylinder 
in  a  streaming  flow  and  a  similar  solution  using  two  images  are  outlined. 
in  Chapter  II. 

The  pressure  distribution  around  a  cylinder  in  a  streaming  flow 
is  best  characterized  by  a  pressure  coefficient  vhich  is  defined  as: 


^I/iTT? 
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The  variation  of  Cp  around  the  surf see  of  a  cylinder  is  I 
direct  function  of  the  Reynold's  Number  of  the  flow.  Beginning  with 
the  leading  stagnation  point,  the  boundary  layer  thickness  increases 
until  at  some  point  along  the  surface  the  pressure  gradient  becomes 
such  that  the  flow  separates  from  the  cylinder  producing  a  wake.  The 
point  of  separation  is  controlled  by  the  Reynold's  Number  of  the  flow. 

As  seen  in  Figure  I,  the  point  of  separation  can  be  placed  in 
the  region  of  70-80°  of  rotation  from  the  leading  stagnation  point 
for  low  Reynold's  Number  flow  to  a  maximum  of  approximately  103°  for 
high  Reynold's  Number  flows. 

If  condensation  were  to  affect  the  boundary  layer  thickness 
around  a  cylinder,  the  amount  of  condensation  could  also  effect  the 
thickness. 

An  experiment  was  conducted  in  a  rectangular  aluminum  test  section. 
The  cylinder  was  inserted  through  one  side  via  a  packing  gland.  The 
other  side  of  the  test  section  was  fitted  with  a  window  for  observation. 
In  the  cylinder's  surface  was  placed  a  static  pressure  tap.  This  tap 
was  used  to  measure  the  pressure  around  the  circumference  of  the 
cylinder  by  rotating  the  cylinder  to  the  desired  position.  A  detailed 
drawing  of  the  test  section  and  cylinder  are  presented  in  Figure  II. 
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FIGUhE  II 


DETAIL  DRAWING  OF  TEST  bECTIOK  hHD   C/LIMbER 


•h  o 
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This  thesis  will  be  devoted  to  the  measurement  of  the  pressure 
coefficient  around  a  cylinder  in  a  streaming  flow  for  three  condensation 
rates  in  order  to  deternine  whether  or  not  any  variation  in  the  patterns 
exist  end  if  any  do  exist,  whether  or  not  they  are  significant. 
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CHAPTER  II 
ANALYSIS  OF  FLOW  ABOUT  A  CYLINDER 

Cylinder  in  an  Infinite  Streaming  Flov 

Using  an  irrotational,  non-viscous  fluid  as  an  ideal  model 
of  the  flow  field,  potential  flov  theory  provides  an  analysis 
technique  to  determine  the  velocity  at  any  point  in  the  field. 
A  stream  function  consisting  of  that  for  a  doublet  and  a  streaming 
flov  vill  represent  a  cylinder  in  an  infinite  medium. 
i,   =  VQ  sino  [r  -  R2/r] 

then  VQ  =  -  *fc  =  -  Vq  [1  -  R2/r?J  sino 

but  if  k>Q   +  l/2p  VQ2  =  pe  +  1/kp  VQ2 


Po  V 


2 


then  Cp  =  — iy._—-  =  1  -  _£_ 

iAp  v02     v  2 

=  1  -  4  sino 

This  idealized  model  of  the  flov  pattern  around  the  cylinder 
vill  serve  as  a  maximum  to  vhich  the  measured  values  of  the 
pressure  coefficient  can  be  compared.  This  pressure  coefficient 
distribution  is  plotted  in  Figure  I. 
2.    Cylinder  in  a  Finite  Streaming  Flov  with  V/alls 

Again  using  potential  theory  with  the  aid  of  tvro  images  to 
create  the  vails  near  the  central  cylinder,  a  pressure  coefficient 
distribution  around  the  cylinder  can  be  found  numerically  at  a  few 
points  around  the  circvinference. 


-12- 


POTENTIAL  THEOR2  IMAGE  LOCATIONS 
FIGURE  III 


V,  — > 
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Using  linearity  and  superimposing  the  three  velocity  equations 
V0  =  -  VQ   [1  +  £-]  sino  -  Vq    [1  +  Lj   sin0;L 

R  "  r> 


-  VQ    [1  +  £--]  sino2 


where  e-.  =  tan"1    il^Lr..  .S.J^1 

COSQ 

e     =  tan  iJ>Mt..sin9) 

*  COS0 

r£    =  R2   [coe2o  +  (3.14  -  sine)2] 
r  Z  =  R2    [cos2o  +  (3.14  +  eino)2] 


using  C     »1--L 

P  2 

O 


the  results  are  tabulated  in  Table  I  below. 


Degrees 

0 

30 

60 

90 

120 

150 

130 

ve 

0 

-.971  VQ 

-1.631  V 

0 

-1.84  V 

0 

-1.631  VQ 

-.971  VQ 

0 

'." 

0 

+.943  VQ 

-2.562  V 
o 

-3.388  V  2 

0 

-2.562  V  2 

0 

+.943  VQ2 

0 

CP 

1.0 

.057 

-1.562 

-2.383 

-1.562 

.057 

1.0 

— 

PRESSURE  COEFFICIENT  CALCULATION 
TABLE  I 
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This  is  an  approxiiaate  solution  in  order  to  judge  the  affect 
of  vails  on  the  pressure  coefficient  distribution.  An  infinite 
number  of  images  and  the  corrections  for  the  flattening  of  the 
stagnation  stream  line  from  its  cylindrical  shape  were  not 
considered  warranted  for  this  approximation  because  the  walls  were 
so  distant. 
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Robertson  }*'  states  thst  when  the  image  is  tvdce  the  nominal 
cylinder  radius  from  the  vail,  the  cylinder  is  elongated  about  1.6£* 
As  can  be  seen  from  the  analysis,  the  amount  of  distortion  is  snail. 


-17- 


CHAPTER  III 

EXPERIMENTS L  PROCEDU RE 

1.  Description  of  Apparatus 

In  order  to  measure  the  pressure  distribution  around  a 
cylinder  vhile  in  a  cross  flov,  the  experiment  vas  designed  to 
provide  a  pressure  tap  in  the  cylinder  surface  midway  betv/een  the 
vails  of  the  test  section,  A  7/8"  diameter  copper  cylinder  vas 
provided  with  a  loose  packing  gland  around  it  in  order  that  the 
pressure  distribution  could  be  achieved  by  rotating  the  cylinder 
to  the  desired  angular  position.  Condensation  on  the  surface  of 
the  cylinder  vas  caused  by  supplying  cooling  water  to  the  interior 
of  the  cylinder  assembly. 

A  test  section  was  constructed  from  l/8"  thick  aluminum 
extruded  rectangular  tubing.  The  interior  dimensions  were  1  l/k" 
by  2   3/4" •  The  overall  length  of  the  test  section  vas  AS   inches 
with  the  cylinder  placed  about  mid-length  and  in  the  middle  of  the 
channel.  A  honeycomb  flow  straightener  vas  placed  at  the  beginning 
of  the  test  section  to  provide  a  uniform  flow  condition  across  the 
test  section.  A  window  was  provided  in  the  wall  at  the  end  of  the 
cylinder  to  allow  visual  studies  of  the  condensation  patterns 
around  the  cylinder, 

2.  Instrumentation 

To  measure  the  Reynold's  Number  of  the  flow  a  standard  A! 
square  edged  thin  orifice  was  placed  in  the  flow.  This  orifice 
was  placed  in  the  center  of  the  rectangular  section.  Pressure 
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2.    Instrumentation  (Cont'd) 

taps  vere  placed  one  diameter  upstream  and  one-half  diameter 
downstream  from  the  orifice*  These  taps  lead  to  a  mercv 
differential  manometer  and  to  an  open  manometer  to  determine  the 
state  of  the  steam  downstream  of  the  orifice.  The  steam  at  this 
point  vas  assumed  to  be  saturated.  As  a  comparison,  the  pressure 
differential  measured  vith  the  cylinder  pressure  tap  at  the 
stagnation  point  was  reduced  to  a  mass  flew  rate.  As  calculated 
in  Appendix  II,  both  were  of  the  same  order  of  magnitude. 

The  rotating  pressure  tap  of  the  cylinder  was  coupled  to  a 
static  pressure  tap  in  the  wall  two  diameters  upstream  of  the 
cylinder.  This  arrangement  allowed  an  averaging  of  any  pressure 
fluctuations  from  the  unregulated  steam  supply  and  made  calculations 
of  the  pressure  coefficient  very  convenient.  The  two  taps  were 
coupled  by  a  differential  manometer  filled  with  Meriam  fluid 
(Specific  gravity  2.95). 

The  remaining  portion  of  the  manometer  legs  were  initially 
filled  with  water  and  then  individually  supplied  with  water  in 
order  to  insure  an  outflow  through  the  tap.  This  procedure  caused 
Inconsistent  readings  so  the  fluid  was  changed  from  water  to  air. 
This  technique  was  intended  to  preclude  any  further  inconsistencies 
caused  by  resistance  pressure  drops.-  The  outflow  was  also  intended 
to  prevent  erratic  readings  due  to  any  condensation  of  steam  in  the 
manometer  legs. 

Condensation  rates  are  indicated  indirectly  by  the  amount 
of  cooling  water  provided  the  cylinder.  A  Fisher  &  Porter  "Lab  Kit" 
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2.  Instrumentation  (Cont'd) 

rotonieter  No.  FP-3/8-13-G-25  was  used  to  measure  the  cooling  water 
supplied.  The  standard  conversion  table  supplied  with  the  "Lab  Kit" 
reduced  the  readings  to  flow  rates.  Condensate  velocities  are 
computed  in  Appendix  III. 

3.  Technique 

To  begin  each  data  run,  the  bleed  fluid  to  the  manometer 
lines  was  adjusted  in  a  "zero  steam  flow"  condition  to  allow  for 
an  outflow  in  the  legs  and  no  reading  across  the  manometers. 

First  the  mercury  manometer  across  the  orifice  meter  was 
adjusted  in  this  manner.   Then  the  same  procedure  was  followed 
for  the  cylinder  and  wall  tap  manometer.  The  amount  of  fluid 
outflow  was  adjusted  to  the  minimum  required  to  maintain  an  out- 
flow for  all  the  positions  of  the  cylinder  tap. 

The  first  attempts  in  the  experiment  were  made  with  water 
as  the  bleed  fluid  in  the  manometer  lines.  Attempts  to  regulate 
the  flow  through  the  cylinder  and  wall  taps  using  water  were 
unsuccessful.  The  imprecision  of  the  regulating  valves  caused 
fluctuations  in  the  manometer  readings.  Even  when  the  fluctuations 
were  steadied  the  data  runs  were  not  consistant. 

Theoretically  the  pressure  drop  caused  by  surface  tension  of 
the  liquid  across  tne  mouth  of  the  pressure  tap  could  be  the  cause 
of  the  inconsistencies.  Calculations  were  made  and  the  magnitude 
of  the  pressure  drops  were  of  the  order  of  two  inches  of  water. 
Because  this  is  the  same  order  of  magnitude  as  the  desired  results, 
the  fluid  for  the  manometer  bleed  was  changed  to  air.  By  using  fir, 


-20- 


3.    Technique  (Cont'd) 

the  valve  regulation  vas  improved  and  the  surface  tension  lessened. 
This  change  stabilized  the  fluctuations  of  the  manometers  and 
provided  consistent  data. 

With  the  use  of  air  as  the  bleed  fluid  for  the  manometer 
lines,  the  initial  setting  of  the  pressure  in  each  leg  vas  made 
more  easily.  One  leg  vas  pressurized  by  dropping  approximately 
one  centimeter  of  Keriam  fluid,  then  the  other  pressurized  to 
level  the  manometer  fluid.  This  procedure  produced  the  minimal 
pressure  on  each  leg  consistent  with  the  requirement  to  maintain 
an  outflow  for  all  positions  of  the  taps  in  the  flow.  The  stagnation 
pressuxv  Jifferonce  measured  in  centimeters  of  Meriam  fluid  of  the 
manometer  varied  from  2.9  to  3 .65. 

As  indicated  in  the  results  section,  the  magnitude  of  the 
reading  affected  the  results  of  the  experiment.  Finer  regulation 
of  the  valves  supplying  bleed  air  to  the  manometer  legs  could  not 
be  accomplished. 

After  all  the  adjustments  had  been  made  on  the  bleed  air  to 
the  manometer  legs,  the  steam  flow  was  adjusted  to  a  given  rate  by 
setting  the  appropriate  differential  across  the  mercury  manometer. 
The  readings  for  each  data  run  were  measured  at  15°  increments 
from  0°  (leading  stagnation  point)  to  180°.  Tnese  points  were 
obtained  by  rotating  the  cylinder  such  that  the  pressure  tap  was 
located  at  each  of  these  points.  An  external  indicator  vas  used 
to  attain  each  setting.  This  was  done  for  each  of  the  three 
condensation  rates.  The  three  condensation  rates  were  as  follows: 
None:  0  cc/min.    Light:  53-120  cc/min.    Heavy:  330  or  over  cc/min. 
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4. 


Schematic  Diagram 
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Figure  V 
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5.    Sample  Calculation 


X 

Angle  from 
Stagnation 
Point 
(0) 

AHabs 
(cm) 

(cm) 

Hleft 

cm 

Hright 
era 

Kator 

AHabs   ?l°v 
cm 

0 

10.1 

10.8 

31.85 

28.20 

7.0 

25.00 

SAMPLE  RAW  DATA 

TABLE  11 

Simplified 

Calculation 

m  = 

ID2  /h/v 

Eq  3.1 

if       e.  = 

d  orifice 
D  pipe 

s  1*21          =  .( 
1.945 

D  = 

1.945  in 

D2  = 

3.79  in2 

Then  m  = 

372  Jh^/v 

=  .64;  then  I  =  93.13  (6) 


To  calculate  v 


AH 


abj 


(no  flow)  =  25.0  cm 


AH 


abs 


Meriam 


(measured)  =  10.1  cm    Meriam 


Then   hm  =  25.0  -  10.1  =  14.9  cm 


Meriam 


h^  =  hm(S.G.-l)  =  5.87(1.95)  =  11.4  in  H20  =  .955  ft 


P  = 


\-ater1 


h  =  62.4 


lbf 
ft2 


x  .955  ft  =  59.6 


lbf  _ 
ft2 


,414  psig 


Therefore  P 


orifice 


=  14.7  -  .414  =  14.3  psia 


Then  v  for  saturated  vapor  from  Steam  Tables'''/ 
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v     =     27.51 


lbm 


Therefore  using  Equation  3-1 

&     =     372      /h/27.51         where  hw     =     12.57      (      ±°-B  P?L.\   =     53.25  in, 
»  (2.54  can/in  J 

=     372 


/Hi 

/  27.5 


1 
51 


518       1]2S 
hr. 


however      N_    =      22    +    SL    P. 


=     518  3M      x 
hr. 

a     38,200 


.0237     ft2 


.0625  ft 


.0295  \U 

ltft-rr. 


To  calculate  pressure  coefficient 


AHi 


1/2    P  V, 


AH 


zero 


2Jil 
3.65 


=    1.0 


To  calculate  cooling  water  from  Handbook  by  Fisher  Porter 
&     =     7.0 

=     155  cc/rain 
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CHAPTER  IV 
RESULTS 

1.  Presentation  of  Results 

The  results  of  this  experiment  are  presented  in  the  form  of 
a  series  of  six  graphs  representing  the  individual  test  runs.  Each 
graph  is  presented  with  the  following  data:  the  ideal  streaming 
flow  solution,  the  experimental  pressure  coefficient,  and  the 
remaining  flow  parameters.  All  test  runs  were  conducted  at  the 
same  approximate  Reynold's  Number  based  on  the  diameter  of  the 
cylinder.  A  single  graph  of  the  three  most  consistant  data  runs 
is  also  presented. 

The  wall  potential  solution  is  c^Iculc*^  *r\  Appendix  I  and 
summarized  in  Table  I.  Data  from  other  researchers  is  reproduced 
in  Figure  I. 

2.  Discussion  of  Results 

The  experiment  was  originally  conceived  to  determine  whether 
or  not  any  changes  could  be  caused  in  the  pressure  distribution 
around  a  cylinder  by  condensation  and  if  so,  how  significant  are 
the  changes. 

In  the  Technique  section,  the  difference  in  the  manometer 
readings  at  the  stagnation  point  for  the  various  runs  was  stated. 
In  the  graphic  results  the  differences  became  evident.  Because 
the  stagnation  reading  was  used  as  a  divisor  in  obtaining  all  the 
pressure  coefficient  readings,  a  slight  difference  caused  the 
calculated  pressure  coefficient  to  vary.  This  variation  is  evident 
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2.    Discussion  of  Results  (Cont'd) 

vhen  comparing  the  readings  of  all  the  graphs  at  any  one  angular 
position.  Of  the  six  graphs  only  three  are  suitably  consistant  to 
attempt  a  composite  graphic  presentation.  These  three  are  repro- 
duced in  Figure  XIII. 

Noting  that  problems  of  consistant  numerical  results  exist, 
the  trends  of  the  six  individual  curves  nay  be  discussed.  Three 
areas  of  each  graph  are  worthy  of  note:  the  position  and 
magnitude  of  the  maximum  negative  pressure  coefficient,  the 
magnitude  of  the  pressure  coefficient  just  beyond  this  point  on 
the  circumference  of  the  cylinder  (i.e.  90°),  and  the  magnitude 
of  the  pressure  coefficient  in  the  region  of  the  wake  (105°-1£C°) . 

The  position  of  maximum  negative  pressure  coefficient  is 
about  75°  from  the  leading  stagnation  point.  During  all  the  test 
runs  the  rate  of  condensation  caused  no  dicernable  shift  from  75°. 
However,  the  magnitude  of  the  negative  pressure  coefficient  at  this 
point  always  did  increase  for  heavy  (830  or  greater  cc/min.)  rates 
of  condensation.  The  results  of  the  light  (53--120  cc/min.)  rates 
of  condensation  were  inconsistant  and  did  not  appear  to  produce 
sufficient  evidence  for  conclusions. 

In  the  area  on  the  circumference  about  90°  from  the  leading 
stagnation  point,  the  magnitude  of  the  pressure  coefficient  changes 
significantly.  All  data  indicates  that  condensation  causes  the 
pressure  coefficient  to  increase  negatively.  The  greater  the  rate 
of  condensation  the  greater  the  magnitude  of  the  pressure  coefficient, 
Comparing  the  six  profiles  with  Figure  I,  the  change  in  the  shape  of 
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2.    Discussion  of  Results  (Cont'd) 

the  pressure  coefficient  profile  at  90°  is  not  unlike  the  profile- 
changes  vhen  the  Reynold's  Number  increases  in  a  non-condensing 
flow  condition. 

The  two  phase  boundary  layer  caused  by  condensation  appears 
to  roughen  the  cylinder  surface  and  thus  produce  pressure  coefficient 
profiles  like  those  of  a  larger  Reynold's  Number. 

The  pressure  coefficient  in  the  wake  region  consistently 
decreases  in  magnitude  with  increasing  condensation  rate.  This 
shift  in  profile  is  always  toward  the  ideal  solution. 

It  is  apparant  that  the  Reynold's  Number  based  on  the  diameter 
of  the  cylinder  does  not  provide  a  complete  discription  of  the  flow 
around  the  condensing  cylinder.  Because  the  profile  is  similar  io 
those  for  larger  Reynold's  Numbers,  it  must  be  concluded  that  the 
boundary  layer  in  this  experiment  is  turbulent  vice  laminar  which 
is  the  condition  usually  associated  with  the  Reynold's  Number  of 
this  experiment.  This  turbulence  was  stimulated  by  the  honeycomb 
and  test  section  walls. 

The  visual  studies  conducted  through  the  window  were 
inconclusive.  The  departure  of  the  condensate  from  the  cylinder 
clearly  marked  the  point  of  separation  on  the  cylinder.  However, 
cuanitative  changes  in  its  position  for  the  various  amounts  of 
condensation  were  not  apparant. 

Considering  the  ideal  streaming  flow  solution  as  a  no  drag 
condition,  the  heavy  rates  of  condensation  reduced  the  drag  approxi- 
mately 9;'o  Numerical  integration  of  the  area  differences  between 
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2.    Discussion  of  Results  (Cont'd) 

the  ideal  solution,  the  non-condensing  solution,  and  the  heavy 
condensing  solution  "was  used  to  calculate  the  reduction. 
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CHAPTER  V 
CONCLUSIONS  AND  RECOMMENDATIONS 

1.  Conclusions 

a.  With  light  condensation  rates  the  pressure  profile  is 
changed  particularly  in  the  area  just  past  the  point  of  maximum 
negative  pressure  coefficient  and  in  the  area  of  the  wake.  In 
both  areas  the  change  of  pressure  coefficient  profile  is  toward 
the  ideal  solution. 

b.  With  heavy  condensation  rates  the  pressure  profile  is 
not  only  changed  as  with  the  light  cese,  but  the  maximum  negative 
pressure  coefficient  increases. 

c.  With  ^*»+Vi  rates  of  condensation  the  amount  of  change  in 
the  pressure  profile  is  modest. 

2.  Recommendations 

a.  It  is  recommended  that  further  investigation  into  the 
changes  caused  by  selective  condensation  surfaces,  particularly 
in  cases  where  a  negative  pressure  gradient  exists,  be  made. 

b.  Further  investigation  into  the  results  of  this  experiment 
should  be  attempted  on  steam  devices.  In  particular  the  steam 
diffuser  could  easily  lend  itself  to  a  change  in  its  walls  to 
allow  them  to  become  a  condensing  surface. 


-37- 


APPENDIX  I 
POTENTIAL  THEOPJ  SOLUTION  WITH  IMAGES 


*  = 


V  *  sitiG  -  Vn   ^  sinO 
o  o  -p 


vG  =     -V     [1  +  ±L]  sinO     -V_    [1  +  IL.  1  sinO 
U  o    l         r2J  °    l         r  2 


-V     [1  +  IL  ]     BinO. 

°  r  2 

r2 


where  *,  =  tan"1  J3^U  .r  ,,sin0.l 
x  cosO 


°2 


=  tan 


-1 


C03Q 


rx2  =  R2  eos2e    +  P2(3.14  -  sino)2 
r22  =  R2  cos2e     +  R2(3.14  +  sine)2 


sino 

cosO 
3.14  -  sinO 
3.14  +  sine 
tan"*    Q± 

ei 


tan 


-1 


2 
sino^ 

sinG2 


0° 

30 

60 

0.0 

.50 

.866 

1.0 

.366 

.50 

3.M 

2.64 

2.274 

3.14 

3.64 

3.806 

3.14 

3.05 

4.55 

72.35° 

71.35° 

77.6° 

3.14 

4.2 

7.62 

72.35° 

76.6° 

82.5° 

-.953 

-.950 

-.977 

+.953 

+.973 

+  .991 

90 
1.0 

0.0 

2.14 

4.14 

00 

90° 

00 

90° 

-1.0 

+1.0 
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COS^Q                               ■. 

1.0 

.75 

.25 

0 

(3.14  -  sine)2 

9.54 

6.97 

5.13 

4.58 

(3.14  +  sin0)2 

9.54 

13.26 

14.48 

17.13 

R2  [cos2o+  (3.14  - 

sine)2]   s 

^ 

10.54  R2 

7.72  R2 

5^43  R2 

4.53  R2 

R2   [cos2e+  (3.14  + 

sin 

\2 

e)   ]  = 

r2 

10.54  R2 

14.01  R2 

14.73  R2 

17.13  R2 

R2/rx2 

.0948 

.1296 

.1845 

.2182 

R2/r22 

,0943 

.0713 

.0678 

.0532 

1  +  R2/rx2 

1.0948 

1.1296 

1.1845 

1.2132 

1  +  R2/r_2 

2 

1.0948 

1.0713 

1.0673 

1.0582 

(1  +  R2/^2)   sin6l 

-1.0^2 

-1.072 

-1.158 

-1.218 

(1  +  R2/iv2)   sine2 

+1.042 

+1.043 

+1.057 

+1.053 

(1  +  R2/R2)   sine 

+0 

+1.0 

+1.732 

+2.0 

ve 

-ovo 

-.971  V 

0 

-1.631  V 

0 

-1.840  VQ 

V2 

a 

v2 

ovo2 

+.943  VQ2 

2.562  V02 

3.338  VQ2 

then                  Cp    ~ 

1 

0 

"V2 

o 

CP 

1.0 

.057 

-1.562 

-2.338 
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APPENDIX  II 

MASS  RATE  OF  FLOW  COMPUTED  FROM 

STAGNATION  POINT  DATA 

1.  Calculation  of  Mass  flow  rate 
Po  =  Ps  +  1/2  p  V02 

V°2  =  ^  <P°  "  P*)g°  =  ^  (P°  "  P^)Eo 
=  105,500   AH(ft) 

=  105,500       (2.95)         Sa&LSL-—        ,     JLI* 

2. 5 A  era/in  12  in 

=  37,200  ft2/sec2 
V0  =  193  ft/sec 

Therefore  6  =    PVA 

ft  =    1_    A  -=    35i«s^cx  .j0287jft!l 

V*t  27TT1E 

lbra 
•20/+  sec 

^,     _         r;/n     lbm 

m  -  740  j^— 
as  calculated  from  orifice  data 

m  =  522  to 

hr 

2.  Discussion 

Considering  that  the  exact  state  of  the  steam  at  the  cylinder 
is  not  known,  and  that  the  cylinder  is  of  finite  size,  the  calculation 
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of  the  mass  flov,-  is  not  exact.  The  calculation  of  mass  flov  at 
the  orifice'is  based  on  a  circular  cross  section  of  piping. 
Because  the  test  section  is  rectangular,  the  mass  flov  is  not 
exact. 


-41- 


APPENDIX  III 
*  -  CONDENSATION  VELOCIT/  CALCULATION 

This  calculation  of  the  velocity  of  condensation  perpendicular 
to  the  cylinder  surface  is  approximate  and  only  to  obtain  the 
order  of  magnitude  of  the  velocity. 


Using    q  =  AU  (aT) 


x 


■where    i  =  i   >  ~A~  *  , +  h=~ 

U  hl        hsc    *~    %t 

=  JL-  +  ~i—  +  -•  o£25-  +  -i- 

1000   1000   219(12)   1000 


icW  +  '°000238 


=  .003 

U  ,1000  =333 

then      q  =  tiD  L  U  (AT) 

=  H30  btu/hr 

hfg    970  btu/lb       hr 

then     V  =  ^~  -  1330  ft/hr  =  .33  ft/sec 
This  is  negligible. 
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APPENDIX  IV 
EXPERT:  I]  NTAL  DATA 


1.    Pressure  Coefficient  Profile  One 


Angle  frora 
Stagnation 
Point 

AH 
era 

c 

p 

±    H20 
cc/min 

AH 
era 

C 

P 

m  H20 
cc/min 

AH 

cm 

C 

P 

&  H20 
cc/rai: 

0 

3*65 

1.0 

0 

3.65 

1.0 

HO 

3.65 

1.0 

840 

15 

3.1 

.85 

0 

3.2 

.88 

110 

3.2 

.37 

840 

30 

0.9 

.25 

0 

1.4 

.38 

91 

1.35 

.37 

840 

45 

-2.2 

-.60 

0 

-1.65 

-.45 

80 

-2.25 

-.62 

840 

60 

-5.4 

-1.48 

0 

-5.05 

-I.65 

62 

-5.3 

-1.45 

340 

75 

-6.7 

-1.84 

0 

-6.7 

-1.84 

50 

-7.1 

-1.95 

840 

90 

-4.5 

-1.23 

0 

-4.9 

-1.34 

40 

-6.1 

-1.67 

840 

105 

-3.8 

-1.04 

0 

-3.55 

-.97 

30 

-3.3 

-.90 

840 

120 

-3.6 

-.99 

0 

-3.55 

-.97 

18 

-2.95 

-.81 

840 

135 

-3.5 

-.96 

0 

-3.45 

-.95 

15 

-2.75 

-.75 

840 

150 

-3.45 

-.95 

0 

-3.35 

-.92 

15 

-2.70 

-.74 

840 

165 

-3.35 

-.92 

0 

-3.25 

-.89 

15 

-2.55 

-.70 

840 

180 

-3.15 

-.87 

0 

-3.1 

-.85 

15 

-2.5 

-.69 

840 

Average 

■a- 

37,900 

0 

53 

840 
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2.    Pressure  Coefficient  Profile  Tvo 


Angle  from 
Stagnation 
Point 

AH 
cm 

CP 

mH20 
cc/rain 

AH 
cm 

cp 

A  H20 
cc/min 

ah 

cm 

S 

iq  H20 
cc/mi: 

0 

3.6 

1.0 

0 

3.6 

1.0 

155 

3.6 

1.0 

840 

15 

3.1 

.85 

0 

3.05 

.84 

140 

3.2 

.83 

8A0 

30 

1.05 

.29 

0 

1.05 

.29 

120 

1.25 

.34 

330 

45 

-2.10 

-.53 

0 

-2.05 

-.56 

120 

-1.7 

-.47 

820 

60 

-5.3 

-1.4-5 

0 

-5.2 

-1.42 

120 

-5.1 

-1.40 

840 

75 

-6.75 

-1.85 

0 

-7.1 

-1.95 

120 

-7.4 

-2.03 

815 

90 

-/v.  6 

-1.26 

0 

-5.4 

-1.47 

120 

-6.55 

-1.30 

830 

105 

-3.85 

-1.06 

0 

-3.95 

-1.08 

120 

-3.85 

-1.06 

810 

120 

-3.55 

-.97 

0 

-3.4 

-.94 

115 

-3.25 

-.89 

810 

135 

-3.4-5 

-.95 

0 

-3.2 

-.83 

115 

-3.0 

-.82 

805 

150 

-3.45 

-.95 

0 

-3.05 

-.84 

110 

-2.85 

-.78 

815 

165 

-3.25 

-.89 

0 

-2.95 

-.81 

105 

-2.70 

-.74 

815 

130 

-3.1 

-.85 

0 

-2.90 

-.79 

105 

-2.65 

-.73 

790 

Average 

NR  = 

38,200 

0 

120 

820 
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3.    Pressure  Coefficient  Profile  Three 

Angle  From   AH    C  m  H„0     AH    C  &  H20     AH    C  m  H,  0 

Stagnation        v              <                           p  A                         P              * 

Point       era  cc/min     cm  cc/min    cm  cc/min 

0      3.25  1.0     0      3.25  1.0  155     3.25  1.0  840 

15      2.85   .83    0  2.85   .88  110    2.9    .89  840 

30      1.25   .39    0  1.4    .43  90    1.4    .43  840 

45     -1.6   -.49    0  -1.45  -.45  90  -1.5   -.46  840 

60     -4.6  -1.41    0  -4.4  -1.35  80  -4.3  -1.32  840 

75     -6.45  -1.97    0  -6.2  -1.91  50  -6.7  -2.06  840 

90     -4.4  -1.35    0  -5.1  -1.57  30  -5.8  -1.77  830 

105     -3.35  -1.13    0  -3.9  -1.20  30  -3.3  -1.02  835 

120     -3.65  -1.12    0  -3.4  -1.05  30  -2.9   -.89  825 

135     -3.45  -1.06    0  -3.2    .99  20  -2.75  -.85  840 

150     -3.25  -1.0     0  -3.2    .99  20  -2.75  -.85  830 

165     -3.15  -.97     0  -3.0    .92  15  -2.65  -.82  830 

ISO     -3.0  -.92     0  -2.9    .39  15  -2.65  -.82  805 

Average     —    —      0  —     ~  57     —    —  834 

%  =  33,500 
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4.   Pressure  Coefficient  Profile  Four 


Angle  From 
Stagnation 
Point 

AH 
cm 

C 
P 

"2° 
cc/min 

AH 
cm 

CP 

*H20 
cc/iain 

AH 
cm 

C 
P 

m  H20 
cc/j 

0 

2.9 

1.0 

0 

2.9 

1.0 

155 

2.9 

1.0 

840 

15 

2.5 

.86 

0 

2.4 

.83 

140 

2.4 

.83 

840 

30 

0.6 

.21 

0 

0.6 

.21 

140 

0.6 

.21 

840 

45 

-2.7 

-.93 

0 

-2.3 

-.79 

110 

-2.35 

-.81 

840 

60 

-5.4 

-1.86 

0 

-5.5 

-1.9 

110 

-6.15 

-2.12 

840 

75 

-7.4 

-2.54 

0 

-7.3 

-2.52 

95 

-7.75 

-2.68 

840 

90 

-5.0 

-1.74 

0 

-5.1 

-1.76 

95 

-6.05 

-2.09 

840 

105 

-4.6 

-1.59 

0 

-4.55 

-1.57 

95 

-4.25 

-1.47 

ts^u 

120 

-4.4 

-1.52 

0 

-4.15 

-1.43 

9o 

-3.75 

-1.30 

840 

135 

-4.4 

-1.52 

0 

-4.05 

-1.40 

80 

-3.55 

-1.22 

840 

150 

-4.35 

-1.50 

0 

-4.05 

-1.40 

80 

-3.55 

-1.22 

840 

165 

-4.15 

-1.43 

0 

-3.85 

-1.33 

80 

-3.45 

-1.19 

840 

180 

-3.95 

-1.37 

0 

-3.75 

-1.30 

70 

-3.45 

-1.19 

840 

Average 

NR  = 

39,000 

0 

103 

840 
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5.   Pressure  Coefficient  Profile  Five 


Angle  From 
Stagnation 
Point 

AH 
cm 

°p 

m  PL,0 
cc/rain 

AH 

CM 

c 
p 

»H20 
cc/iiiin 

AH 
en 

C 
P 

m  H 

cc/i 

0 

2.8 

1.0 

0 

2.3 

1.0 

110 

2.S 

1.0 

840 

15 

2.5 

.89 

0 

2.5 

.89 

90 

2.3 

.82 

840 

30 

.9 

.32 

0 

1.0 

.36 

90 

0.7 

.25 

840 

45 

-1.9 

-.68 

0 

-1.9 

-.68 

90 

—2.2 

-.79 

840 

60 

-3.7 

-1.32 

0 

-4.5 

-1.61 

90 

-4.6 

-1.64 

840 

75 

-6.5 

-2.32 

0 

-6.5 

-2.32 

90 

-6.9 

-2.47 

840 

90 

-4.6 

-1.64 

0 

-4.7 

-1.68 

80 

-5.7 

-2.04 

840 

105 

-4.1 

-1.46 

0 

-4.0 

-1.43 

65 

-4.0 

-1.43 

840 

120 

-3.9 

-1.39 

0 

-3.7 

-1.32 

65 

-3.5 

-1.25 

840 

135 

-3.7 

-1.32 

0 

-3.6 

-1.29 

65 

-3.3 

-1.18 

840 

150 

-3.6 

-1.29 

0 

-3.6 

-1.29 

60 

-3.76 

-1.14 

840 

165 

-3.5 

-1.25 

0 

-3.5 

-1.25 

50 

-3.1 

-1.11 

840 

180 

-3.4 

-1.21 

0 

-3.4 

-1.21 

55 

-3.0 

-1.07 

840 

Average 

_,_ 

—_ 

0 

— 

— 

77 

— 

— 

840 

NR  =  37,900 
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6.    Pressure  Coefficient  Profile  Six 


Angle  From 
Stagnation 
Point 

AH 
era  • 

C 

P 

m  H20 
cc/ruin 

Ail 
cm 

C 

P 

m  H20 
cc/min 

AH 
cm 

S 

&  H 
cc/ 

0 

3.5 

1.0 

0 

3.5 

1.0 

120 

3.5 

1.0 

8/>0 

15 

3.0 

.86 

0 

3.2 

.91 

115 

3.25 

.93 

840 

30 

1.4 

.40 

0 

2.25 

.64 

110 

I.65 

.47 

840 

45 

-1.65 

-.47 

0 

-1.25 

-.36 

105 

-1.15 

-.33 

840 

60 

-4.7 

-1.34 

0 

-3.55 

-1.02 

105 

-4.45 

--1.27 

840 

75 

-6.2 

-1.77 

0 

-6.05 

-1.73 

105 

-6.4 

-1.83 

840 

90 

-4.2 

-1.20 

0 

-4.15 

-1.18 

105 

-4.9 

-1.40 

840 

105 

-3.6 

-1.03 

0 

-3.55 

-1.02 

105 

-3.3 

-.94 

840 

120 

-3.25 

-.93 

0 

-3.05 

-.87 

105 

-2.75 

-.79 

840 

135 

-3.05 

-.37 

0 

-2.95 

-.84 

100 

-2.7 

-.77 

340 

150 

-2.95 

-.84 

0 

-2.85 

-.82 

95 

-2.6 

-.74 

840 

165 

-2. 35 

-.82 

0 

-2.7 

-.77 

95 

-2.4 

-.70 

840 

1B0 

-2.70 

-.77 

0 

-2.7 

-.77 

95 

-2.35 

-.67 

840 

Average 

— 

— 

0 

— 

— 

105 

— 

— 

840 

NR  =  37,900 
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